The effect of Mg, Si, N, and O ion implantation ͑with doses in the range 5ϫ10
I. INTRODUCTION
GaN is a direct wide band-gap semiconductor which finds applications in opto-and micro-electronics for the construction of lasers and light emitting diodes operating in the blue-ultraviolet range of the spectrum.
1,2 GaN grown by molecular beam epitaxy ͑MBE͒ crystallizes in the zincblende or wurtzite structures depending on the type and the symmetry of the substrate. MBE growth on (0001) Al 2 O 3 substrates stabilizes the wurtzite polytype. Ion implantation is an attractive doping technique because it permits precise control of the dopant profile. However, postimplantation annealing is necessary for the activation of the dopants and the recovery of the induced lattice disorder. 3, 4 Raman scattering is a well established technique for the study of the effect of ion implantation in the lattice vibrational modes. For wurtzite GaN and for qϳ0, group theory predicts eight vibrational modes 2A 1 ϩ2Bϩ2E 1 ϩ2E 2 , among which one A 1 , one E 1 and two E 2 are Raman active while a set of one A 1 and one E 1 corresponds to acoustic phonons. The rest of the A 1 and E 1 modes are polar: their vibrations polarize the unit cell and thus create a long range electrostatic field which causes splitting of the A 1 and E 1 modes into longitudinal optical ͑LO͒ and transverse optical ͑TO͒ components. Although the B modes are silent, they have been observed in inelastic x-ray scattering measurements. 5 Furthermore, specific features in second order 6 or disorder activated 7 Raman scattering have been attributed to B modes. Experimentally determined Raman frequencies, mainly from bulk samples, are listed in Table I . From the Raman active modes, only the A 1 (LO) and E 2 are well resolved in the backscattering geometry. 5, 8, 9 Ion implantation increases the static disorder and thus it can activate modes that are symmetry forbidden or inactive in the as-grown crystal. Furthermore, the incorporation of implants in the host lattice can introduce additional local vibrational modes ͑LVMs͒ in the Raman spectra. In addition to that, implantation can induce stress, whose hydrostatic/ nonhydrostatic component shifts/splits the Raman peaks. Raman characterization of GaN samples implanted with Ar ϩ , Mg ϩ , P ϩ , C ϩ , Ca ϩ , B ϩ , and doses lower than the critical dose, which causes amorphization, has been reported previously. 10, 11 Here we extend the Raman spectroscopy investigation on implanted GaN samples, using n-type ͑Si and O͒ and p-type ͑Mg͒ 12-14 dopants as well as host lattice atoms ͑N͒, over a wider, than previously reported, dose range, which extends beyond the critical dose. The aim of this work is to study the effect of ion implantation in the GaN lattice vibrations and to explore any correlation between defect related structures and implantation induced features in the Raman spectra. Among the used projectiles N is a host lattice atom and thus any changes in the Raman spectra induced by N implantation cannot be attributed to chemical changes and/or local vibrational modes but rather to implantation induced defects. The implantation doses used extend from 5 ϫ10 13 to 1ϫ10 18 cm Ϫ2 , i.e., well beyond the critical dose which causes the complete amorphization of the implanted region of the sample.
II. EXPERIMENTAL DETAILS
Two groups of GaN samples were studied in the asgrown state as well as after implantation. The GaN sample named ''A'', was grown by electron cyclotron resonance molecular beam epitaxy ͑ECR-MBE͒ on a (0001) Al 2 O 3 substrate as described elsewhere. 15 16 have shown that, depending on the type of the implant, the implanted ions reach a maximum depth of 200-220 nm, while the peak of the implantation profile is located at about 80-110 nm below the sample surface.
The Raman spectra were recorded at room temperature in the backscattering geometry using an additive triple monochromator ͑DILOR XY-500͒ equipped with a charge coupled device liquid-nitrogen cooled detector system. The spectral resolution of the system was ϳ0.2 cm Ϫ1 . The Raman spectra were excited using the 514.5 nm line of an Ar ϩ laser with power of ϳ0.4 mW. The laser power was kept intentionally low in order to avoid thermal effects in samples implanted with a high dose. The frequency position of the Raman spectra was calibrated by simultaneous recording of the corresponding part of a Ne calibration lamp and a stressfree Si wafer.
The as-grown samples are transparent to the visible light while the implanted ones undergo color changes, from yellowish to black, as the implantation dose increases. In the implanted samples, the information depth of the Raman spectrum is restricted to a layer of about ϳ200 nm, which is highly defective or even amorphous depending on the implantation conditions, while the non-implanted portion of the GaN sample retains its crystallinity.
III. RESULTS AND DISCUSSION

A. Defect-and disorder-activated Raman peaks
The Raman spectra of the MOVPE and ECR-MBE GaN samples before and after implantation with 14 Si ϩ implanted ECR-MBE samples are shown in Fig. 3 . The energy positions of the several features in the Raman spectra were obtained by fitting Lorentzian type line profiles to the experimental data, after background subtraction. It should be mentioned that the background intensity increases considerably with the implantation dose ͑not shown in Figs. 1-3͒, especially at low frequencies, due to increased Rayleigh scattering caused by the significant defect enhancement. In order to identify peaks originating from the Al 2 O 3 substrate, the Raman spectra of the as-grown sample A and the substrate are compared in Fig. 4 . As shown in the figure, the contribution of the substrate to the Raman spectra is limited to three peaks, a weak one at 418 cm
Ϫ1
while the other two appear at the high frequency side of the E 2 and A 1 (LO) peaks. The asymmetry of the E 2 peak Raman spectra of the MOVPE sample before and after the implantation with N and O ions. The spectra are shifted along the y axis for clarity. The inset depicts magnified portion of the spectrum around the E 2 peak. The peaks P 1 , P 2 , and P 3 are induced by the implantation.
towards lower frequencies is due to the E 1 (TO) and A 1 (TO) phonons, activated due to misorientation and/or defects present in the as-grown GaN. 17 The Raman spectra of the MOVPE samples implanted with 5ϫ10 13 -5ϫ10 14 cm Ϫ2 N and O ions ͑Fig. 1͒ exhibit, besides the E 2 and A 1 (LO) peaks, three additional broad peaks: peak P 1 at about 300 cm Ϫ1 , peak P 2 at about 420 cm
, and peak P 3 at about 670 cm Ϫ1 . The intensity of these extra peaks increases gradually with the implantation dose.
At the same time, the A 1 (LO) and E 2 peaks become strongly asymmetric towards lower frequencies. Furthermore, and for both N ϩ and O ϩ implantation, the intensity of the Raman spectrum in the region between the A 1 (LO) and E 2 peaks increases considerably with the implantation dose. The asymmetry increase of the E 2 peak may be ascribed to the enhanced contribution of the A 1 (TO) and E 1 (TO) modes, because of q-selection rule relaxation ͑not allowed in ideal backscattering configuration͒ as the implantation dose ͑and the induced disorder͒ increases.
The Raman spectra of the ECR-MBE grown samples, implanted with the same kind of dopants ͑N and O͒ in the dose range 1ϫ10 15 -1ϫ10 17 cm Ϫ2 are shown in Fig. 2 . Ion implantation has similar effects in the Raman spectra of both the MOVPE and ECR-MBE samples. For example, the intensity of the P 1 , P 2 , and P 3 peaks, the low-frequency asymmetry of the E 2 peak as well as the intensity between the E 2 and A 1 (LO) peaks increase with the implantation dose. For O ϩ doses higher than 1ϫ10 17 cm Ϫ2 , only a weak E 2 is still resolved. All the rest features of the Raman spectrum are washed out, obviously due to the high degree of induced disorder in the implanted part of the sample. The effect of implantation with heavier ions ͑Mg and Si͒ is depicted in Fig. 3 . Their effect is similar to that of the lighter N and O ions ͑Figs. 1 and 2͒. The only noticeable deviations from the previous behavior are the considerable enhancement of the scattering efficiency in the frequency region 500-750 cm Ϫ1 and the absence of any resolvable Raman peak at the highest implantation dose (10 18 cm Ϫ2 ). The implantation induced defects can affect the Raman spectra in the following two distinct ways: ͑1͒ defects can induce additional Raman structures due to local vibrational modes or via electronic transitions ͑electronic Raman scattering͒ and ͑2͒ defects can activate intrinsic Raman modes which are normally forbidden or silent due to the breakdown of selection rules in disordered ͑or amorphous͒ materials ͓disorder activated Raman scattering ͑DARS͔͒. 18 The fact that the implantation-induced peaks P 1 (ϳ300 cm Ϫ1 ), P 2 (ϳ420 cm Ϫ1 ), P 3 (ϳ670 cm Ϫ1 ) appear at the same positions independently from the atomic mass of the implant, indicates that these peaks do not correspond to local vibrational modes of the implanted atoms but instead to vibrational modes of the host lattice. This argument is further supported by the fact that peaks P 1 -P 3 are also present in the Raman spectra of the samples implanted with N, which is a host-lattice atom. Local vibrational modes of the implanted ions would be observable only if they would occupy largely substitutional sites. However, according to TRIM calculations, 16 such high concentration of replacement collisions is not expected. More specifically, only ϳ5% of the displacements per atom ͑dpa͒ result in replacement of the host-lattice atoms. 19 The distribution of the dpa with the depth for the different types of ions used for the implantation is shown in Fig. 5 . The calculated low replacement rate complies with the fact that postimplantation annealing is necessary in order to activate the implants. 4 ,12 Activation of n-type dopants, e.g., O and/or Si, that occupy substitutional sites can be traced by the changes in the A 1 (LO) peak line shape due to the phononplasmon coupling. In Si doped GaN it has been observed that as the free carrier concentration increases, the intensity of the A 1 (LO) peak decreases and it shifts towards higher frequencies. The shift is accompanied by a broadening of the peak while for free carrier concentrations greater than 10 18 cm Ϫ3 the A 1 (LO) peak disappears. [20] [21] [22] [23] In our case, the A 1 (LO) peak does not disappear even after implantation with the highest doses, but it becomes increasingly asymmetric towards lower frequencies as the implantation dose increases. This is an indication that the implanted Si and O ions, which are n-type dopants, are not activated and thus substitution of host atoms by the projectiles is very limited. Similar observations have been made by Limmer et al. 10 24 who studied the plasma induced damage of n-type GaN by atomic force microscopy and Raman spectroscopy. At this point we should mention that Raman studies on Si-and C-doped GaN have shown no experimental evidence of local vibrations up to a concentration of 10 20 cm Ϫ3 . 25 While the exact nature of the implantation-induced peaks in the Raman spectra of implanted GaN is still a subject of debate, they are mainly categorized into: ͑i͒ DARS and ͑ii͒ scattering mechanisms of implantation induced defects, such as interstitials, vacancies, or antisites, in the host lattice. Furthermore, it appears that there is a consensus in the literature about the origin of P 1 peak, which has been attributed to vibrational states of the host lattice. More specifically, since its frequency corresponds to an energy range with high density of vibrational states in a perfect crystal, it has been attributed to disorder activated Raman scattering in doped 25 and in plasma etched 26 GaN, to overtones of acoustic phonons, 6 or even to the activation of the low energy component of the silent B mode. 7 However, since the scattering intensity of this silent mode should be very small ͑as it is derived directly from inelastic x-ray scattering in single GaN crystal͒ 5 even when it becomes symmetry allowed in second order scattering or activated by disorder, the observed structure at ϳ300 cm Ϫ1 should be ascribed to features of the phonon density of states rather than to the B 1 mode directly at ⌫.
On the contrary, the origin of the P 2 and P 3 peaks is heavily debated in the literature. According to Limmer et al. 10 and Choi et al. 24 the peaks at 420 and 670 cm
should be ascribed to vibrational modes of vacancy-related defects resulting from implantation-induced damage. On the other hand, the structures around 420 and 670 cm Ϫ1 observed in second order Raman scattering of cubic and hexagonal GaN 6 are attributed to an overtone of transverse acoustic phonons ͑L or A, K, M͒ or to the higher-energy B 1 mode at ⌫, respectively. Finally, in MOVPE grown Mg-doped GaN samples 26 -28 a peak that appears close to P 3 , which is observed in our spectra, is attributed to LVM of the Mg atoms that substitute Ga. Therefore, by combining the above published results with our finding that all three peaks P 1 -P 3 , exhibit changes in their intensities but not in their frequency positions with the atomic mass of the projectile and the implanted dose, for a wide variety of implanted atoms, it can be concluded safely that the origin of these peaks is correlated to implantation induced defects in the host lattice.
An energetic ion penetrating through the GaN sample generates a collision cascade, which consists of vacancies and interstitials. 29 In order to get more specific on the nature of the defects that give rise to the P 1 -P 3 peaks, we resort to TRIM. It should be mentioned that TRIM takes into account only ballistic processes and neglects dynamic effects, 16, 29 but it is still a valuable tool for qualitative information. 30 Our TRIM calculations demonstrate that, implantation with N, O, Mg, and Si ions causes 471, 530, 1051, and 1059 dpa, respectively, i.e., the degree of damage increases with the atomic mass of the implanted atom. The depth distribution of the corresponding dpa is shown in Fig. 5 . Furthermore, using the published values of 32.5 and 24.3 eV for N and Ga displacement energies, respectively, it turns out that the concentration of V Ga is higher than V N by about 60%. 19 Given that only 5% of the implanted ions occupy substitutional sites, the net concentration of vacancies and interstitials exceed by far the concentration of the substitutional impurities. Therefore, we are inclined to acknowledge that the vacancies and/or interstitials should play a crucial role in the activation of the additional features observed in Raman spectra. In particular, we argue that the peaks P 2 and P 3 at ϳ420 and 670 cm Ϫ1 , respectively, which do not correspond exactly to any defect peak, already reported for ion-implanted GaN, originate from N vacancy-related defects, as the density of state ͑DOS͒ spectrum in this energy regime is dominated by nitrogen stretching motions. 8, 31 On the other hand, for the P 1 peak ͑300 cm Ϫ1 ͒, besides the main contribution from features of the host phonon spectrum, some contribution related to scattering processes from Ga vacancies cannot be excluded, as in this energy region the phonon DOS is dominated by the Ga atom movements. 31 This model is compatible with the fact that the intensity of the peaks increases with increasing dose ͑while it is independent of the implanted ion͒, which in turn increases the concentration of induced vacancies. The participation of the B mode is less probable because of its low scattering intensity. An analogous behavior is also exhibited in the Raman spectra of ion implanted stoichiometric GaAs, where a peak corresponding to the breathing mode of Ga vacancy ͑47 cm Ϫ1 ͒ 32 is detected after ion implantation. Arsenic vacancies (V As ) have also been detected in nonstoichiometric and in electron or neutron irradiated GaAs, where peaks at 234, 245, and 227 cm Ϫ1 are assigned to breathing modes of V As . 33 For high implantation doses, when the damage level exceeds a threshold value, 34 an amorphous zone is formed. Amorphization of the implanted region of sample A-Si18 has been verified with near edge x-ray absorption fine structure ͑NEXAFS͒ measurements 35 and transmission electron microscopy. 36 The thickness of the amorphous region is about 200 nm. Additionally, N interstitials and N dangling bonds have been detected by NEXAFS in some of the samples under study. [35] [36] [37] [38] 
B. Implantation induced stress
Another effect of ion implantation in the Raman spectra of GaN is the shift of the E 2 peak. This is clearly shown in the insets of Figs. 1, 2 , and 3. The frequencies ͑͒ of the E 2 peaks, along with their shifts ͑⌬͒ relative to a nonstrained GaN film, where 0 ϭ566.2 cm Ϫ1 ͑Ref. 39͒, are listed in Table III . In the Raman spectra of the as grown samples, the E 2 mode is, in principle, affected by biaxial stress, due to thermal strain, and lattice mismatch. The effect due to lattice mismatch can be neglected since it relaxes within a few nanometers from the interface. 40 In the presence of impurities/ defects in the samples, the biaxial strain, which coexists with hydrostatic strain induced by the defects, 39 can cause an additional shift of the E 2 peak. More specifically, hydrostatic strain is caused by the unit cell expansion/contraction due to: ͑1͒ the implantation induced defects, i.e., vacancies and interstitials, and ͑2͒ the substitution of host atoms by the implants which have different size than the host lattice atoms. Such a lattice expansion has been observed in Ar and Ca implanted GaN. 34, 41 The extent of the lattice change depends on the defect concentration which increases with the implantation dose. 42 In the as-grown MOVPE and ECR-MBE samples the E 2 peak is shifted by ⌬ϭϩ3.3 and ϩ2.1 cm
Ϫ1
, respectively. The positive value of the shift indicates the presence of compressive stress which, according to the equation ⌬͓cm Ϫ1 ͔ϭ6.2•͓GPa͔, 43 amounts to 0.53 and 0.34 GPa for the ECR-MBE and MOVPE samples, respectively. The higher stress of the ECR-MBE sample ͑despite its lower growth temperature͒ is attributed to higher concentration of point or extended defects, such as dislocations. 44 This argument is further supported by the lack of any dependence on the implantation conditions and the fact that the full width at half maximum of the E 2 peak in the spectra of the ECR-MBE sample is larger by 25% ͑4.66 cm Ϫ1 ͒ than that in the spectra of the MOVPE sample ͑3.73 cm Ϫ1 ͒. According to the values for the E 2 shift listed in Table  III , implantation does not significantly alter the stress in the samples. More specifically, in the case of ECR-MBE samples implantation with N leads to an increase of the stress. On the other hand, the stress is found to be only slightly dependent on dose and atom size ͑Si,Mg͒. Contrary to that, in the MOVPE samples, which are doped with lower doses, the stress is, within experimental error, independent of the dose. The weak dependence of stress on dose and atom size further substantiates the model that the implanted atoms produce vacancy-related instead of substitutional defects. Puzzling is the surprisingly high stress value found for the sample implanted with 10 15 N ions/cm 2 . Even though a plausible explanation cannot be offered without detailed knowledge of the implantation mechanism, it is highly probable that this high stress value is related to the fact that N is a constituent atom of the host lattice.
IV. CONCLUSIONS
GaN samples grown by two different techniques ͑ECR-MBE and MOVPE͒ and implanted with light ͑N and O͒ and heavier ͑Mg and Si͒ ions, in the dose range 5ϫ10
13 -1 ϫ10 18 cm Ϫ2 have been studied with Raman spectroscopy. It is found that implantation-induced lattice damage introduces additional peaks in the Raman spectra at frequencies 300, 420, and 670 cm
Ϫ1
. The position of those peaks does not depend on the type of the implant and thus they cannot be attributed to local vibrational modes of the ions that substitute host lattice atoms. It is proposed that the peak at 300 cm Ϫ1 is due to disorder activated Raman scattering and/or to V Ga . The peaks at 420 and 670 cm Ϫ1 are assigned to nitrogen vacancies and/or interstitials that are expected to occur at high concentrations according to TRIM calculations. Implantation with 10 17 Mg ions/cm 2 causes amorphization of the sample leading to a Raman spectrum that is analogous to the vibrational density of states of GaN. The increased defect concentration in the implanted samples leads to a minor increase of the hydrostatic strain in the ECR-MBE samples ͑which is surprisingly high only in the case that the implant is N͒. Additionally, implantation does not alter significantly the compressive stress of the as grown samples.
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